When huanglongbing (HLB) was found in Brazil in 2004, 'Candidatus Liberibacter americanus' was infecting most of the trees while 'Ca. L. asiaticus' was present in a minor proportion. Currently, 'Ca. L. asiaticus' is the predominant bacterium associated with HLB in citrus trees in São Paulo (SP) and Minas Gerais (MG) States, the major citrus-growing regions in Brazil. A phytoplasma from the 16SrIX group was associated with HLB symptoms in Brazil in 2007, in plants free of Liberibacter spp. In this report, HLB samples testing negative for 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma were infected with 16SrIII phytoplasmas. Coinfection with 'Ca. L. asiaticus' and 16SrIII was also found. The 16S ribosomal RNA (rRNA) gene sequences from 22 samples were obtained and sequenced, confirming that the 16SrIII group phytoplasma is associated with HLB symptoms in SP and MG States. Ten single-nucleotide polymorphisms (SNPs) were found in the 1,427-bp 16S rRNA gene sequences from 16SrIII phytoplasmas from citrus, whereas none was detected in 16S rRNA gene sequences among 16SrIX phytoplasma from citrus. Ribosomal protein (rp) rpsSrplVrpsC gene sequences were amplified with 16SrIII group-specific primers, sequenced from a subset of nine samples, and assembled into three groups based on eight SNPs. SNPs in 16S rRNA gene and rp gene sequences are common in 16SrIII phytoplasmas from other hosts and this phytoplasma group is widespread in South America. 16SrIII phytoplasmas highly related are commonly found in Melia azedarach, a widespread tree in Brazil and Argentina. The finding of a new phytoplasma associated with HLB symptoms belonging to the 16SrIII group reinforces the need to develop diagnostic tools to assess HLB-associated microbiomes.
single-nucleotide polymorphisms (SNPs) were found in the 1,427-bp 16S rRNA gene sequences from 16SrIII phytoplasmas from citrus, whereas none was detected in 16S rRNA gene sequences among 16SrIX phytoplasma from citrus. Ribosomal protein (rp) rpsSrplVrpsC gene sequences were amplified with 16SrIII group-specific primers, sequenced from a subset of nine samples, and assembled into three groups based on eight SNPs. SNPs in 16S rRNA gene and rp gene sequences are common in 16SrIII phytoplasmas from other hosts and this phytoplasma group is widespread in South America. 16SrIII phytoplasmas highly related are commonly found in Melia azedarach, a widespread tree in Brazil and Argentina. The finding of a new phytoplasma associated with HLB symptoms belonging to the 16SrIII group reinforces the need to develop diagnostic tools to assess HLB-associated microbiomes.
'Candidatus Liberibacter asiaticus' is associated with huanglongbing (HLB) in China, Brazil, and the United States, the three greatest citrus producers (FAO 2016) . In Brazil, 'Ca. L. americanus' has been reported infecting citrus trees (Teixeira et al. 2005 ) and orange jasmine ) and, despite its presence, 'Ca. L. asiaticus' is the predominant species associated with HLB (Lopes et al. 2009) (N. A. Wulff, unpublished results) . 'Ca. L. asiaticus' is of worldwide importance, occurring in Asia, the Americas, the Middle East, and Ethiopia (Bové, 2006; Saponari et al. 2010) , vectored by Diaphorina citri (Capoor et al. 1967) . 'Ca. L. africanus', also associated with HLB, occurs in Africa (Pietersen et al. 2010) , Mauritius and Reunion Islands (Garnier et al. 1996) , and Yemen (Bové and Garnier 1984) . In Africa, a striking diversity of 'Ca. L. africanus' subspecies is reported (Roberts et al. 2017) .
The most conspicuous symptom of HLB is the presence of blotchy mottle in leaves and the occurrence of lopsided fruit with aborted seed and, eventually, showing color inversion (Bové 2006) . HLB is spreading in America and management practices include planting young healthy trees; inspection; and removal of affected, symptomatic trees coupled with psyllid insecticide treatment (Bassanezi et al. 2013; Belasque et al. 2010; Miranda et al. 2018) . To achieve such efforts, scouting teams need to be trained in the recognition of symptoms, and diagnostic tests are used for confirmatory purposes. Doubtful symptoms may hinder proper HLB diagnosis, and standard diagnostic techniques are also used to solve such doubts. The diagnostic of HLB-associated bacteria has been carried out mainly by polymerase chain reaction (PCR) (Li et al. 2006; Teixeira et al. 2005 Teixeira et al. , 2008a Wang et al. 2006) , although isothermal amplification has been described as well (Li et al. 2007 ).
'Ca. Liberibacter' spp. found in citrus are associated with HLB and, despite lacking conceptual proof of Koch's postulates, the overwhelming amount of data support the concept of Liberibacters as the etiological agent of HLB, including detection surveys (Pietersen et al. 2010; Teixeira et al. 2005 ) and metagenomic information (Duan et al. 2009; Lin et al. 2015; Tyler et al. 2009; Wulff et al. 2014) . In addition to 'Ca. Liberibacter' spp., Spiroplasma citri (Saglio et al. 1973 ) and 'Ca. Phytoplasma aurantifolia' in citrus (Zreik et al. 1995) cause diseases distinct from HLB. Among phytoplasmas, 'Ca. P. aurantifolia' (16SrII) was the first associated with a citrus disease, witches'-broom disease of lime (Zreik et al. 1995) . A 16SrIX phytoplasma was found infecting sweet orange trees in Brazil in the states of São Paulo in 2007 (Teixeira et al. 2008b) , Minas Gerais in 2008, Bahia in 2012 (Wulff et al. 2015) , and Federal District in 2016 (Sanches et al. 2016) , while 16SrIII was first reported in 2010, without nucleotide sequence characterization (Barbosa 2010) . Low levels of incidence were reported for these phytoplasmas when compared with 'Ca. L. asiaticus' prevalence in Brazil. Trees infected with 16SrIX phytoplasma have foliar and fruit symptoms indistinguishable from those caused by 'Ca. Liberibacter' spp. Sun Hemp plants, especially those harboring witches'-broom symptoms, act as a reservoir of the HLB-associated 16SrIX phytoplasma (Wulff et al. 2015) . In China, 'Ca. P. asteris' (16SrI) was associated with HLB in 2009 (Chen et al. 2009 ), while a subgroup 16SrII-A phytoplasma was reported in HLB-like affected grapefruit in 2010 (Lou et al. 2014) . Phytoplasmas from subgroup 16SrII-C were detected in sweet orange, lime, and sweet lime in Iran (Alizadeh et al. 2017; Saberi et al. 2017) . The 16SrII-A phytoplasma is from a distinct subgroup associated with witches'-broom disease of lime, which belongs to subgroup16SrII-B (Zreik et al. 1995) . Phytoplasmas of group 16SrI (Arratia-Castro et al. 2014; Poghosyan et al. 2015) and group 16SrIX (Sanches et al. 2016; Wulff et al. 2015) were found in Mexico, while phytoplasma from group 16SrVI was found in mandarin in India in coinfection with 'Ca. L. asiaticus' (Das et al. 2016 ). 16SrIX and 16SrI phytoplasmas have symptoms indistinguishable from those observed in HLB associated with 'Ca. Liberibacter' spp. (Chen et al. 2009; Teixeira et al. 2008b) .
As part of the diagnostic service of HLB provided by Fundecitrus to growers, 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma are tested in citrus leaf samples by quantitative PCR (qPCR) procedures. Similar to what occurred in 2007 (Teixeira et al. 2008b ), a phytoplasma was found infecting sweet orange trees that tested negative to Liberibacter ('Ca. L. americanus' and 'Ca. L. asiaticus') but also tested negative to 16SrIX phytoplasma. Samples had blotchy mottle in most of the cases but yellow vein discoloration and chlorosis were also present. Because none of the previously known HLB-associated bacteria were detected, a search for phytoplasmas was carried out. Molecular characterization of these samples with PCR techniques to detect phytoplasmas, and amplicon sequencing as well, revealed the occurrence of 16SrIII phytoplasmas. A new phytoplasma associated with HLB was characterized in two loci, 16S ribosomal RNA (rRNA) gene and ribosomal protein (rp) gene sequences, from sweet orange samples. The detection, characterization, and distribution of this 16SrIII phytoplasma is discussed.
MATERIALS AND METHODS
Plant material and DNA extraction. Sweet orange (Citrus sinensis Osbeck) leaf samples were selected from the Citrus Disease and Pest Diagnostic Center service (Fundecitrus Diagnostic Laboratory) or collected in citrus orchards. Samples showing blotchy mottle leaves that tested negative to 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma were further investigated for the presence of phytoplasmas. After 16SrIII phytoplasmas were found, additional symptomatic samples, either positive for 'Ca. L. asiaticus' and 16SrIX phytoplasma or free of the 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma were used to search for coinfection with 16SrIII phytoplasma. Also, asymptomatic samples, free of 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma, were used to search for 16SrIII phytoplasma.
Leaflet samples from Melia azedarach, known as cinamomo or Chinaberry tree, showing little leaf symptoms were selected; a leaf blade was removed and used for DNA extraction. Periwinkle harboring virescence, typical symptom of phytoplasma infection was collected in a garden.
For DNA extraction, 0.5 g of leaf midribs and petioles from each sample was sliced and ground in cetyltrimethylammonium bromide (CTAB) buffer with b-mercaptoethanol according to the CTAB protocol (Teixeira et al. 2008a ). DNA quality and concentration were assessed with NanoDrop (Thermo Scientific, Waltham, MA, USA).
Detection of group IX phytoplasma, 'Ca. L. asiaticus', and 'Ca. L. americanus' associated with HLB in Brazil. In total, 226 samples were assessed for phytoplasma infection by PCR, as detailed below. Detection of 'Ca. L. asiaticus', 'Ca. L. americanus' (Li et al. 2006) , and group IX phytoplasma (Wulff et al. 2015) was done by qPCR. Plant DNA detection was done as described (Li et al. 2006) . A lot of 69 citrus samples was assessed only by conventional PCR tests to detect phytoplasmas.
PCR amplification of bacterial 16S rRNA gene in citrus leaves. Detection of 16S rRNA gene was performed essentially as described by Teixeira et al. (2005) with primers fD1 and rP1 (Weisburg et al. 1991) .
Detection of phytoplasma by nested PCR amplification of 16S rRNA genes with universal primers and sequencing of the amplicons for group identification. Phytoplasma detection was carried out by PCR with the universal primers P1/P7 (Deng and Hiruki 1991; Schneider et al. 1995) which amplify the 16S rRNA gene from phytoplasmas in general. To increase sensitivity, the first round of PCR was diluted 50× and 1 µl was used for nested amplification with primers R16mF2 and R16mR1 , leading to an amplicon of approximately 1.4 kbp. The presence of R16mF2 and R16mR1 amplicons is indicative of a sample considered positive for the presence of phytoplasma. In the absence of a PCR product, the sample was considered negative. This PCR was carried out with 73 samples that tested negative in the qPCR for 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma and 1 sample that was positive for 16SrIX phytoplasma.
For the identification of the phytoplasma 16Sr group present in the positive samples, the nested PCR amplicon products were purified (Kit Wizard SV Gel and PCR Clean-UP System; Promega Corp., Madison, WI, USA) and sequenced with chain-terminating dideoxynucleosides at Macrogen (Seoul, South Korea). Sequenced reads were obtained with amplification primers R16mF2/R16mR1 and with primers annealing internally to the R16mF2/R16mR1 binding sites: fU5 and rU3 (Seemüller et al. 1994) , primers 518F (CCAGCAGCCGCGGTAATACG) and 800R (TACCAGGG TATCTAATCC) (universal primers for 16S rRNA gene sequencing from Macrogen), and two additional internal primers designed on the basis of the consensus sequences obtained from the positive samples Pint_fw_III (ATCAGGAAAACAGGTGGTGC) and Pint_rv_III (AGCACAACAGCGTTAAGCAC) (this work).
Sequence reads were analyzed using the software CodonCodeAligner (version 8.0.1; CodonCode Corporation, Certerville, MA), automatically clipped at ends, checked manually for quality, and assembled into contigs. Consensus sequences were manually curated and quality cut-off of 20 was used to edit the consensus. Sequenced regions where single-nucleotide polymorphisms (SNPs) between samples were found had at least with two independent PCR reads sequences. Nucleotide sequence analysis was carefully curated especially at annotated SNPs detected among samples. The final contig consensus for each sample was aligned using the same software. Similarity searches for the consensus sequences from each sample were conducted with Blastn (https://blast.ncbi. nlm.nih.gov/Blast.cgi) and iPhyClassifier (Zhao et al. 2009 ).
Among the 16SrIX phytoplasma samples detected at the diagnostic service (Wulff et al. 2015) , five citrus samples from São Paulo State municipalities (Colombia, Getulina, Onda Verde, Paranapua, and Sud Mennucci) and five samples from Matias Cardoso municipality from Minas Gerais State had the 16S rRNA gene PCR amplified (P1/P7 and R16mF2/R16mR1), sequenced, and analyzed as indicated above.
Detection and characterization of group 16SrIII phytoplasma by PCR amplification of rp genes rpsSrplVrpsC and amplicon sequencing. Specific group 16SrIII PCR amplification was achieved with primers described in the literature. DNA samples were amplified with 0.5 µM primers rpL2F3 and rp(I) R1A (Martini et al. 2007 ) and 1 U of Phusion high-fidelity DNA polymerase (Thermo Scientific) in a final volume of 40 µl. Cycling conditions consisted of one step at 98°C for 30 s; followed by 35 cycles of 98°C 20 s, 40°C for 30 s, and 72°C for 75 s; with a final extension step of 5 min. For nested PCR, the first reaction was diluted 25× and 2 µl was employed in PCRs with primers rp(III)-FN (Davis et al. 2013 ) and rp(III)R1 (Martini et al. 2007 ) in the case of sweet orange and Chinaberry tree, and primers rp(III)-FN/rp(I)R1A with periwinkle template DNA (Davis et al. 2013; Martini et al. 2007 ). PCR conditions were as mentioned above and cycling parameters consisted of one stage at 98°C for 30 s; 35 cycles of 98°C 20 s, 49°C for 30 s, and 72°C for 60 s; followed by a final extension step of 5 min. Samples that produced an amplicon of the expected size (close to 1.3 kbp) in agarose gel electrophoresis were considered positive. Negative and positive samples containing DNA from healthy trees and phytoplasma of 16SrIII and 16SrIX groups were included as controls, in addition to a nontemplate control. In total, 153 citrus samples with HLB symptoms were assessed by nested PCR to detect phytoplasmas with the abovedescribed protocol.
PCR products from selected samples were cleaned and sequenced with amplification primers [rp(III)-FN and rp(III)R1], as well as internal primers designed on the basis of the amplified consensus obtained from this work: III_Fw1 (AGCGGATATTGATTATGCTT), III_Fw2 (CCGAAGATAAACAAGTTCCT), III_Rv1 (AGGAAC TTGTTTATCTTCGG), and III_Rv2 (GCTAAAATTATGAA CAGCGT). Sequence analysis was done as described above and similarity searches of consensus sequences with nucleotides sequences and translation products were conducted with Blastn and Blastp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).
Cloning of rpsSrplVrpsC amplicon. Nested PCR product from primers rp(III)-FN and rp(III)R1 of samples 70571 and 78049 were cloned into the blunt-end SmaI restriction site of pBS plasmid, sequenced, and analyzed as described above.
Phylogenetic analysis. 16S rRNA gene sequences and rp gene sequences of the sweet orange, periwinkle, and Chinaberry tree samples generated in this work and related phytoplasma strains from the 16SrIII group, citrus-associated phytoplasma, and representative 'Ca. Phytoplasma' spp. were obtained from the GenBank database. Phylogenetic and molecular evolutionary analysis were conducted using MEGA version 7.0.26 .
RESULTS
Phytoplasma detection and 16Sr group assignment. Sweet orange leaves with blotchy mottle from the southwest of Minas Gerais State were tested for the presence of HLB-associated bacteria in Brazil and qPCR results failed to detect 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX group phytoplasma in such samples. Although the bacterial universal primers fD1 and rP1 failed to detect the 16S rRNA gene of bacteria in DNA from leaves (data not shown), nested PCR tests with universal phytoplasma primers (P1/P7 nested with R16mF2/R16mR1) did reveal the presence of phytoplasmas in several samples. The presence of phytoplasmas was assumed to be due to the presence of a 1.4-kbp amplicon (Fig. 1A) . The sequence of amplicons from Figure 1Awas obtained and Blastn analysis produced matches with 16SrIII group phytoplasmas, indicating the presence of a new phytoplasma associated with HLB symptoms.
Further evidence of 16SrIII phytoplasma to be associated with HLB symptoms. To understand the importance of the presence of 16SrIII phytoplasma in citrus, a set of 226 samples, including the 9 samples from Figure 1A , were then tested using qPCR for the occurrence of 'Ca. L. asiaticus', 'Ca. L. americanus', or the16SrIX group phytoplasma, and by nested PCR techniques for the potential occurrence of phytoplasmas. Samples were selected according to the geographical regions, from São Paulo and Minas Gerais States, and by the presence of HLB symptoms. First, 73 samples were tested with nested universal phytoplasma primer PCR for the 16S rRNA gene; this group contained 1 sample infected with 16SrIX phytoplasma determined by qPCR specific for 16SrIX phytoplasmas (Wulff et al. 2015) and 17 samples infected with 'Ca. L. asiaticus' as determined by qPCR (Li et al. 2006) . The remaining 55 samples where negative for 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma. Out of 73 samples, 30 were positive for phytoplasmas, producing a 1.4-kbp amplicon in phytoplasma nested PCR, including 1 sample infected with 16SrIX phytoplasma and 1 sample that was 'Ca. L. asiaticus' positive, being also phytoplasma positive. Second, a nested PCR specific for rp from 16SrIII group phytoplasmas was used to test 153 additional samples; this group contained 2 samples infected with 16SrIX phytoplasma as determined by qPCR specific for 16SrIX phytoplasmas (Wulff et al. 2015) and 22 samples infected with 'Ca. L. asiaticus' as determined by qPCR (Li et al. 2006) . The two samples with 16SrIX phytoplasma were negative in this nested rp group III PCR. Out of 22 samples infected with 'Ca. L. asiaticus', 8 turned out to be also infected with 16SrIII phytoplasma and 14 remained infected only with 'Ca. L. asiaticus'. From the 129 samples negative for 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasma, 22 samples were PCR positive in the nested rp group III-specific PCR, producing a 1.3-kbp amplicon (Fig. 1B) . The remaining 107 samples were negative for 'Ca. L. asiaticus', 'Ca. L. americanus', and phytoplasmas. The statistics for detection of 'Ca. L. asiaticus', 'Ca. L. americanus', and phytoplasmas from 16SrIX and 16SrIII groups are summarized in Table 1 .
In addition, 36 samples were analyzed with nested PCR 16S rRNA universal phytoplasma primers, resulting in additional 11 positive samples for phytoplasmas, while 33 samples were analyzed with nested rp group III PCR, resulting in 5 positive samples for 16SrIII phytoplasmas.
A full-length amplicon 1,427 bp was sequenced from 22 samples that tested positive with the 16S rRNA gene nested PCR (Table 2) , while the remained 16 samples were only partially sequenced with high-quality reads (838 to 1,426 bp). One sample had only short sequences of good quality and phytoplasma group identification was not possible. Seven sweet orange phytoplasma amplicons that Fig. 1 . Phytoplasma detection in sweet orange samples. A, Polymerase chain reaction (PCR) amplification of 16S ribosomal DNA gene with primers P1/P7 followed by nested PCR primers R16mF2/R16mR1. Lanes 1 to 9 = sweet orange DNA (positive samples 77297, 77315, 77317, 77520, 77524, 78044 , and 78341); P 1 = positive control DNA from Sunn Hemp 16SrIII phytoplasma; P 2 = positive control DNA from sweet orange 16SrIX phytoplasma; and N = nontemplate control (NTC). B, PCR amplification of ribosomal protein genes with primers rpL2F3 and rp(I)R1A, followed by nested PCR primers rp(III)-FN and rp(III)R1, specific for 16SrIII phytoplasmas. Lanes 1 to 12 = sweet orange DNA samples (positive sample 80456); P 2 = positive control DNA from sweet orange 16SrIX phytoplasma; P 3 = positive control DNA from Melia azedarach 16SrIII phytoplasma; H = DNA from healthy sweet orange; and N = NTC.
were fully sequenced, two samples of periwinkle with virescence, and one sample of Chinaberry tree with little leaf also amplified a 16S rRNA gene in nested PCR product (Fig. 1A) , producing a 1,427 bp sequence (Table 2 ). These sequences produced high hits with 16SrIII phytoplasmas, the X-disease phytoplasma group.
Identification and relatedness to other phytoplasmas. The 22 sweet orange samples with fully sequenced 16S rRNA genes had 9 distinct haplotypes (Table 3) , due to 10 SNPs, without including samples with unresolved bases at positions 360 and 541. These sequences shared 99.1 to 99.4% similarity with 16S rRNA gene sequence JQ044393 from 'Ca. Phytoplasma pruni', the reference strain of Western X disease group/16SrIII group phytoplasmas (Davis et al. 2013) . One of the samples with the 1,427-bp amplicon fully sequenced was coinfected with 'Ca. L. asiaticus'.
The virtual PCR-restriction fragment length polymorphism (RFLP) pattern (Zhao et al. 2009) , 70571, 70572, 74476, 76354, 76357, 76478, 77082, 77315, 77317, 77524, 77900, 78001, 78044 , and 78049 was identical to the reference pattern of subgroup 16SrIII-B, with a similarity coefficient of 1.00 to sequence AF189288, from the clover yellow edge phytoplasma. Sequences 77297 and 77520 were identical to the reference pattern of subgroup 16SrIII-X, with a similarity coefficient of 1.00 in relation to sequence KC412026, from Conyza bonariensis. The virtual PCR-RFLP pattern from samples 60378, 77892, 77963, 78017, and 78118 was different from the reference patterns of the 16SrIII subgroups, the most similar being subgroup III-B with sequence AF189288. With a similarity coefficient of 0.94, lower than the threshold, these five sequences may represent a new subgroup within the 16SrIII group. Sequences were uploaded to the National Center for Biotechnology Information (NCBI) ( Table 2 , accession numbers). The 14 samples with sequence reads smaller than 1,427 bp (838 to 1,342 bp; data not shown) were confirmed to be 16SrIII phytoplasma by Blastn and multiple alignment. Because these sequences were not complete, they were not deposited at NCBI. Overall, 37 samples were infected with group 16SrIII phytoplasma as determined by nested PCR and sequencing.
The two periwinkle 16S rRNA gene sequences shared 99.3% similarity to JQ044393; however, they had a virtual PCR-RFLP pattern different from the reference patterns of all previously established 16Sr groups or subgroups, the most similar being the pattern of subgroup 16SrIII-B, with a similarity coefficient of 0.97, which is equal to the threshold to establish a new subgroup. On the other hand, the 16S rRNA gene sequence of phytoplasma from Chinaberry tree sample N10202 was 99.4% similar to the reference strain JQ044393, with a similarity coefficient of 1.0 and belonging to subgroup 16SrIII-B (Zhao et al. 2009 ). The periwinkle and a Common host names are indicated, as well as state of origin from the samples (Brazil); MG = Minas Gerais, SP = São Paulo, and RS = Rio Grande do Sul. b Accession number deposited in GenBank from sequences obtained in this work; -indicates not sequenced. c Percentage of similarity of the 16S rRNA gene sequence from the output of iPhyClassifier (Zhao et al. 2009 ) to 'Candidatus Phytoplasma pruni' rrnA reference strain (JQ044393). d Similarity coefficient calculate by iPhyClassifier (Zhao et al. 2009 ) with the virtual restriction fragment length polymorphism (RFLP) pattern derived from 16S rRNA gene sequences delimited with primers R16F2n/R16R2. Sweet orange, periwinkle, and Chinaberry tree samples had RFLP patterns most similar to the sequence from clover yellow edge phytoplasma (AF189288), whereas sweet orange samples 77520 and 77297 were most similar to Conyza bonariensis phytoplasmas (KC412026). e Subgroups were determined after percentage similarity and virtual RFLP pattern analysis using iPhyClassifier (Zhao et al. 2009 ).
Chinaberry tree 16SrIII RNA gene sequences were different from the sweet orange 16SrIII RNA sequences.
The 16SrIII sequences were grouped according to their sequence similarity (Table 2) and further analyzed by Blastn. The 1,427-bp sequences of sweet orange were 99% identical, with E value of 0.0 and 100% query coverage to several group 16SrIII phytoplasma DNA sequences. In the following description, samples connected by a dash share 100% sequence similarity between or among them. Phytoplasma 16S rRNA gene sequence from samples 60378/77892/77963/ 78017/78118 (16SrIII-B/new subgroup) had the closest hits to KF941133-a phytoplasma found in Sunn Hemp (Crotalaria juncea) in São Paulo State, Brazil (Wulff et al. 2015) ; AF495657-Chinaberry (Melia azedarach) yellows phytoplasma from Bolivia (Harrison et al. 2003) ; and KC412031-Solanum lycopersicum phytoplasma from Argentina (Galdeano et al. 2013) . Sequences from sweet orange samples 70571, 70572/74476/77524, 76354/76357, 77315/77317, 77900/78001/78049, , Chinaberry tree N10202, and sweet orange 77297/77520 (subgroup 16SrIII-X) had, as closest hits, Chinaberry yellows phytoplasma (AF495657), S. lycopersicum phytoplasma (KC412031), and GU292082-passion fruit witches'-broom phytoplasma from Brazil (Davis et al. 2012) . Sequences from sweet orange 76478/68486 and 77082 had, as closest hits, the Chinaberry phytoplasma (AF495657) and S. lycopersicum phytoplasmas (KC412030 and KC412031) from Argentina (Galdeano et al. 2013) , while the sequences from periwinkle were most closely related to Chinaberry phytoplasma (AF495657), Sunn Hemp phytoplasma (KF941133), and S. lycopersicum phytoplasma (KC412031). The 10 haplotypes from sweet orange and the sequences from Chinaberry tree and periwinkle were very similar to phytoplasmas found in hosts in South American countries.
Phylogenetic trees constructed with 16S rRNA gene sequences from isolates characterized here and from diverse group of phytoplasmas corroborate the identification of these phytoplasmas as group 16SrIII (Fig. 2A) .
The rp characterization. The diversity observed in the 16SrIII phytoplasmas from sweet orange was further evaluated using the rp genes rpsSrplVrpsC. The amplicon from 17 samples was obtained with primers rpL2F3 and rp(I)R1A nested with primers rp(III)-FN and rp(III)R1. Full amplicons from nine samples, 1,341 bp long, were sequenced. These nine samples also had the 16S rRNA gene sequenced (Table 2 ). Due to the presence of eight SNPs in these sequences, three sequence variants were identified (Table 3) . When blasted with GenBank sequences (1 February 2018), the highest similarity of these sequences was with Catharanthus roseus phytoplasma (16SrIII-B, KC412022), Cucurbita maxima var. zapallito phytoplasma (16SrIII-J, KC412017), and Allium sativum phytoplasma (16SrIII-J, KC412014), from Argentina (Galdeano et al. 2013) , with query coverage of 100% and e-value 0.0 with 99% identity, showing high relatedness to phytoplasmas from the neighboring country. The 1,341 bp contain two complete open reading frames (ORFs) whose amino acid sequences have similarity to known phytoplasma proteins. ORF1 from 90 to 509 bp codes a 139-amino-acid protein with similarity to the 50S rp L22, coded by rplV. This ORF was very similar to WP017192008 from Poinsettia branch-inducing phytoplasma (97% identity, E-value = 1e-90, 100% coverage, and score 267), WP053521443 from 'Ca. P. pruni' (96% identity, E-value 4e-90, 100% coverage, and score 266), and WP017192636 from Italian clover phyllody phytoplasma (94% identity, E-value 6e-80, 93% coverage, and score 239). ORF2 from 493 to 1,329 bp had similarity to the 30S rp S3, coded by rpsC. Blastp analysis showed it to be similar to WP053521442 from 'Ca. P. pruni' (97% identity, E-value of 0.0, 100% coverage, and score 542), WP017192007 from Poinsettia branch-inducing phytoplasma (97% identity, E-value 0.0, 100% coverage, and score 541), and WP017192637 from Italian clover phyllody phytoplasma (96% identity, E-value 0.0, 100% coverage, and score 540). The 1,341-bp sequence obtained also codes for a partial ORF, from nucleotide 1 to 69, with similarity to 30S rp S19, coded by gene rpsS (data not shown). Phylogenetic trees constructed with rp gene sequences also grouped sweet orange phytoplasmas identified in this work with other 16SrIII phytoplasmas (Fig. 2B) . PCR amplicons from samples 70571 and 78049 had the same sequence as the plasmid clones obtained from the same samples. Eight additional samples had the rp PCR product partially sequenced, allowing secure 16SrIII phytoplasma identification. Seven of these eight samples were coinfected with 'Ca. L. asiaticus'.
16SrIX HLB phytoplasma in sweet orange. Ten citrus samples positive for the 16SrIX phytoplasma from São Paulo and Minas Gerais States had the 16S rRNA gene amplified and sequenced. The 1,430 bp from the 16S rRNA gene sequence for the 16SrIX phytoplasma were 100% identical among 10 citrus samples (deposited in GenBank with accession numbers MH020223 to MH020232), in contrast to the 16S rRNA gene sequences from the 16SrIII phytoplasma. The consensus sequence was identical to the 16S rRNA gene deposited in GenBank from HLB-associated phytoplasma from sweet orange, 16SrIX group (HQ423159; KM877314), and from the same phytoplasma detected in Sunn Hemp (KF941131) (Wulff et al. 2015) . The 16S rRNA gene sequence was identical (similarity coefficient 1.00) to the reference pattern of 16SrIX group, subgroup A (AF248957).
PCR detection and occurrence of phytoplasmas in HLBaffected citrus. Based on the similarity searches of the two loci, 16S rRNA gene and rpsSrplVrpsC genes, a 16SrIII group phytoplasma was found infecting HLB-symptomatic citrus trees. These samples had blotchy mottle or yellowing of the leaves (Fig.  3) . Although most of the samples were infected with 16SrIII phytoplasma and free of 'Ca. L. asiaticus', 'Ca. L. americanus', and 16SrIX phytoplasmas, coinfection between 'Ca. L. asiaticus' and 16SrIII phytoplasma was observed in nine samples (4% of samples) ( Table 1) . PCR with primers rpL2F3 and rp(I)R1A nested with primers rp(III)-FN and rp(III)R1 is a specific detection technique for this phytoplasma (Fig. 1B) .
Of the 226 field samples of sweet orange assessed by PCR techniques to detect 'Ca. L. asiaticus', 'Ca. L. americanus', 16SrIX group phytoplasma, and 16SrIII phytoplasma, 59 samples (26.1%) were positive for the presence of group III phytoplasmas ( Table 1 ). Considering that this survey represents a small portion of the samples analyzed for HLB at Fundecitrus Diagnostic Laboratory, given the total number of samples analyzed from growers, we can say that the incidence of samples infected with 16SrIII phytoplasma is 0.23%. For the sake of comparison, 'Ca. L. asiaticus' is detected in an average of 75.3% of samples analyzed at Fundecitrus Diagnostic Laboratory. The 16SrIII phytoplasmas samples came from 10 farms located in seven municipalities: four from São Paulo State (Avaré, Ibaté, Rincão, and Sud Mennucci) and three from Minas Gerais State (Comendador Gomes, Frutal, and Prata).
DISCUSSION
PCR amplification with universal 16S rRNA gene primers fD1 and rP1 fails to amplify bacterial DNA from blotchy mottled leaves, probably as a reflection of low phytoplasma titer, as observed in the case of the 16SrIX phytoplasma in sweet orange (Teixeira et al. 2008b; Wulff et al. 2015) . However, 16SrIII phytoplasma was characterized by phytoplasma-specific PCR amplification from blotchy mottled citrus leaves, free of 'Ca. L. americanus', 'Ca. L. asiaticus', and 16SrIX phytoplasmas in a way similar to that reported for other HLB-associated phytoplasmas, 16SrIX (Teixeira et al. 2008b ) and 16SrI (Chen et al. 2009) .
A striking characteristic of the group III phytoplasma found infecting sweet orange is the high sequence variants harboring SNPs or haplotypes that we found in the 16S rRNA gene and rpsSrplVrpsC gene sequences. Although three haplotypes were found for the rpsSrplVrpsC sequences of 9 samples, at least nine haplotypes were found on the 16S rRNA gene sequences from 22 samples. There is a relation between isolates sharing a given haplotype for rp and 16S rRNA genes. The 16SrIII phytoplasmas from sweet orange belong to subgroup 16SrIII-B (15 samples), subgroup 16SrIII-X (2 samples), and a new subgroup most related to 16SrIII-B (5 samples), with similarity coefficient of 0.94. However, this potential new subgroup was only characterized by virtual profile of the 16S rRNA gene sequences from five samples and not by PCR-RFLP. Dual infection of dissimilar phytoplasma groups was reported by Harrison et al. (2003) in Chinaberry tree from Colombia. In our case, we found dissimilar subgroups among sweet orange samples but not in the same tree. Liefting et al. (1996) first reported sequence heterogeneity in the two 16S rRNA genes of Phormium yellow leaf phytoplasma ('Ca. P. australiense'), while Davis et al. (2013) reported intragenomic heterogeneity of the 16S rRNA gene sequences in 'Ca. P. pruni'. Sequence variations found in some samples seem to be related to differences between rrn operons. Samples 78044 and 77520, despite having several good reads per sample, still remained with a single doubtful nucleotide in each sequence, indicating possible intragenomic variability of the 16S rRNA gene regions related to SNPs among other samples (Supplementary Figure S1) . Manual curation of such spots confirmed high-quality sequences, in a similar way as reported by Davis et al. (2013) .
The high variability observed in 16S rRNA gene sequences from group 16SrIII phytoplasmas from citrus was not seen in the sequences from group 16SrIX phytoplasmas, also HLB associated (Teixeira et al. 2008b ). Ten 16S rRNA gene sequences obtained from 10 samples collected between 2011 to 2016 from six municipalities all had 100% sequence identity to 16SrIX HLBphytoplasma, indicating no variation in 16S rRNA gene sequences for this citrus phytoplasma. In addition, this confirmed, with a high number of samples, a previous observation that 16SrIX HLBassociated phytoplasma from citrus and from Sunn Hemp are identical, and that Sunn Hemp might be a reservoir plant for phytoplasma spreading by leafhoppers to citrus trees (Marques et al. 2012; Wulff et al. 2015) . In the case of 16SrIX phytoplasma, SNPs in the rp gene sequences were found associated with geographic origin and host, with identity of 99.77 to 99.54% to 16SrIX HLB phytoplasma from Bahia (Brazil) and Mexico, respectively, and identity of 99.32% to Gliricidia sepium from Costa Rica (Wulff et al. 2015) .
Absence of genetic variability in the 16S rRNA gene sequence was also observed for phytoplasma group I collected from maize crops in the São Paulo and Minas Gerais regions (Gomes et al. 2004) . Although low variability is expected for this conserved region, the sequence diversity observed for 16SrIII group phytoplasmas in citrus was already observed in this group (Davis et al. 2013; Galdeano et al. 2013; . Notably, a higher sequence diversity was observed in the more conserved region (16S rRNA gene) than in more variable regions such as the rp genes in this case. The coexistence of diverse phytoplasma strains in the same host species or in the same geographic location can either be interpreted as ongoing evolution of phytoplasmas in adaptation to their geo-and bioecological niches or explained by differences in vector species involvement (Zhao et al. 2010 ). This diversity may favor genetic recombination and the emergence of new phytoplasmal plant diseases (Zhao et al. 2010) .
There is high similarity among South American phytoplasma isolates with the phytoplasmas from sweet orange identified here (Galdeano et al. 2013 ). 'Ca. P. pruni' is the type member of the X-disease of peach and a high degree of variability is typical in this group (Davis et al. 2013) . Phylogenetic trees constructed with 16S rRNA genes and rpsSrplVrpsC sequences position sweet orange isolates among other group 16SrIII phytoplasmas, notably in the subgroups B and X and a potential new subgroup (Fig. 2) . According to Davis et al. (2013) , these strains could be considered 'Ca. Phytoplasma pruni'-related strains.
The low incidence of group III phytoplasmas in sweet orange is suggestive of an introduction via a polyphagous vector feed from another plant host, likely as in the case of 16SrIX phytoplasmas, also found in low incidence in sweet orange (Marques et al. 2012; Teixeira et al. 2008b; Wulff et al. 2015) . A polyphagous insect vectoring these phytoplasmas but not D. citri may account for the rare cases of double infection with phytoplasma and 'Ca. L. asiaticus'. Even though the same 16SrIX phytoplasmas was found infecting sweet orange and Sunn Hemp, with 100% sequence similarity in two loci (Wulff et al. 2015) , the 16SrIII phytoplasma in Sunn Hemp (KF941133) (Wulff et al. 2015 ) is different than the one currently described in sweet orange (subgroups B and X and a potential new subgroup) ( Table 2 ). 16SrIII phytoplasmas are widespread and common in Brazil (Montano et al. 2007 ) and in the American continent (Davis et al. 2013; Galdeano et al. 2013; Harrison et al. 2003) . Also, 16SrI phytoplasmas found in Sunn Hemp (Bianco et al. 2014) are from a different subgroup than the one found in sweet orange in China (Chen et al. 2009 ) and Mexico (Arratia-Castro et al. 2014) . 16SrIX phytoplasma (same haplotype as the HLB-associated phytoplasma) is the most common in Sunn Hemp with witches'-broom in Brazil (Wulff et al. 2015) .
Additionally, periwinkle and Chinaberry tree phytoplasma samples were further characterized here. A Chinaberry tree isolate from Rio Grande do Sul State in Brazil belonged to subgroup 16SrIII-B, while the two samples from periwinkle from São Paulo belonged to subgroup 16SrIII-B, with a similarity coefficient of 0.97, the limit to a new subgroup (Zhao et al. 2009 ), being not the same sequences as those found in sweet orange.
Despite the major relevance of 'Ca. L. asiaticus' in relation to the etiology and epidemiological importance in HLB, the current and previous report of phytoplasmas being associated with HLB symptoms, referred to as HLB-associated phytoplasmas, reflect how important it is to better assess the diversity of phloem-limited, insectvectored phytoplasmas in crops such as citrus where, due to the longlasting nature of the crop, trees might remain for decades in the field. The incidence of 16SrIX phytoplasma (Teixeira et al. 2008b ) detected with real-time PCR (Wulff et al. 2015) at our laboratory was 0.31%, while the incidence for 16SrIII phytoplasma reported in the current assessment was 0.23%, considering the total number of samples analyzed for HLB at Fundecitrus Diagnostic Laboratory (more than 27,000 samples between 2012 and 2016). This multitude of phloemrestricted bacteria associated with HLB symptoms indicates a common pathological process incited, although the epidemiological importance of each bacterium is closely associated with its insect vector.
